Abstract Delayed Ettringite Formation (DEF) is a possible autogenous expansive reaction of concrete. It can affect materials that have experienced temperatures higher than about 65°C at early age. This temperature increase can be the result of the cement heat of hydration in massive structures where the heat transfers are particularly low. To understand the effects of DEF, it is necessary to be able to reproduce thermal DEF-prone conditions in laboratory. This paper proposes a method developed during an extensive experimental programme that aimed at studying the mechanical effects of DEF on structures built with different concretes. The objective was to design a single heat treatment profile to generate homogeneous and similar temperature fields in specimens of various geometries, concrete constituents and mix proportions. It has been demonstrated that quasi-adiabatic conditions were to be realized at early age, whatever the samples size, to simulate the curing conditions in massive structures. The experimental method developed is described in details: the design of the temperature profile, the experimental device and its operation are presented. Both a numeric and an experimental validation are proposed. They emphasize the good accuracy of the process and demonstrate the possibility to trigger similar DEF potential expansions due to the thermal history for all the specimens of the programme.
Introduction
Delayed Ettringite Formation (DEF) is an autogenous reaction that can affect concrete structures. It concerns materials that have experienced temperatures higher than 60°C to 70°C (Scrivener et al. 1999 , Taylor et al. 2001 , Ramlochan et al. 2003 . Due to the cement heat of hydration and low heat transfers, such high temperatures can be measured after the casting of massive structures, which are 2 thus particularly prone to DEF (Divet & Pavoine 2002) . The reaction leads to material swelling and mainly implies cracking and decrease of the mechanical properties of the affected materials. As a consequence it gives serious concern regarding the structural integrity and the serviceability of the affected structures.
In this context, the managers of civil engineering structures need tools to re-assess the constructions and to predict their mechanical evolution (Baghdadi et al. 2008 -a, Seignol et al. 2009 ). This implies an accurate understanding of the effects of DEF.
During the last two decades, numerous theoretical and experimental studies have been performed. However they have mostly dealt with the consequences of the reaction at the material scale (e.g. Heinz & Ludwig 1987 , Fu & Beaudoin 1996 , Brunetaud et al. 2007 . If the corresponding results are useful to analyse the basic features of DEF, they do not take into account all parameters necessary to explain the mechanical behaviour of the affected structures such as stresses, restrained deformations or moisture gradients. The work presented in this paper was part of an experimental programme that aimed at providing data concerning the mechanical effects of DEF on structures (Martin et al. 2008 ).
Thus, in this study, specimens of various dimensions were used: either small cylinders to collect data consistent with the results of the literature or large beams to perform experiments representative of the field cases in terms of moisture and stress gradients.
However, Brunetaud et al. (2007) followed by Baghdadi et al. (2008-b) have studied the quantitative influence of temperature history at early age: they have emphasized the critical effect of this parameter on DEF potential. To correlate and precisely model the results of different experimental tests, it is thus essential to control the temperature history applied to the specimens. To re-create DEF conditions in laboratory, the specimens are systematically heated after casting, basically with a heating phase, a constant temperature plateau and a cooling phase. Most of the studies related in the literature consider a constant heating rate.
If this technique seems to be well adapted for small specimens, it may become less efficient for more massive elements where the temperature in the core may not be easily controlled due to the competition between the thermoactivated heat of hydration and the heat transfer processes.
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3 This paper describes the development and the validation of a single thermal process able to generate a similar DEF potential induced by the temperature history for specimens of various geometries, concrete constituents and mix proportions (Martin 2010) : it is thus aimed to take into account both the effect of heat of hydration (which depends on the concrete mix considered) and of geometry (which may induce a delay in temperature control in the core of massive elements). Firstly the design of a heat treatment simulating the curing conditions of a massive concrete structure at early age and specifically adapted for a given concrete mix is described. Prior to any experimental test, numerical modelling was used to theoretically validate the process of temperature control. An experimental validation was then performed. The results of the two approaches are systematically compared to check their consistency. In particular, the homogeneity of the temperature field in the specimens, the scale effects between small and massive elements and the influence of the concrete mix proportions are studied. Finally, the repeatability and the scattering of the process is evaluated in terms of DEF potential expansion.
Heat treatment process

Objective of the study and experimental programme
In this study, specimens of different geometries were considered. First of all, tests should be performed on small cylinders (0.11 m in diameter, 0.22 m in height) to evaluate the basic expansion mechanisms at the material scale and quantify the mechanical properties evolution. Secondly, beams (0.25 x 0.50 x 3.00 m 3 ) had to be used to assess the structural effects of the pathology.
Three different concrete mixes were to be considered. The mix R1 is made of siliceous sand and aggregates and cement with a high aluminates content: its hydration is very exothermic. This material is thus considered to be strongly prone to DEF. The mix R2 contains the same cement with siliceous sand but includes limestone aggregates reactive regarding Alkali Aggregate Reaction (AAR). This mix is expected to develop combined DEF and AAR processes. Finally, the mix NR has the same sand and aggregates mix-proportions as R1 but its cement has a low aluminates content and is thus significantly less exothermic: it is expected to be less DEF-reactive than R1. Figure 1 illustrates the temperature evolution hal-00853278, version 1 -22 Aug 2013
4 during the hydration of the three concrete mixes in adiabatic conditions according to (Boulay et al. 2010 ). R1 and R2 have a very similar behaviour. The differences measured can be explained by the higher specific heat of the limestone aggregate corresponding to a higher thermal inertia of the concrete R2. The significant difference between R1 and NR is the consequence of the change of cement. In the experiments finally carried out (Martin et al. 2008) , three beams were cast with the R1 mix (they are named R1.1, R1.2 and R1.3 in the following), two beams were cast with the R2 mix (R2.1 and R2.2) and one beam was cast wit the NR mix (NR.1). Due to the capacity of the mixer used and to the available space in the heat treatment device, the casting of the specimens had to be performed at different times with two to three batches at each time. In particular, all the beams had to be cast one by one and separately of all the cylinders.
In order to compare the results of these different tests and eliminate the possible variability of DEF-expansion potential due to imprecise control of early-age thermal history, it has turned out necessary to generate similar temperature histories in all the specimens. As a consequence, the aim of the work detailed in this paper was to design a single heat treatment (also called thermal treatment or curing process in this paper) able to generate a similar and homogeneous temperature field for all specimens, whatever the geometry of the concrete element, its composition or the batch considered. As specimens had to be cast at different periods, the process had to be repeatable as well.
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5 Technical development and optimization of the temperature control process was based both on empirical and theoretical considerations, detailed here because of their general interest and applicability.
Technical requirements
Experimentally, the heat treatment has to be started two hours after the beginning of the casting of the specimens to allow fresh concrete handling in laboratory. The thermal history has been idealized in three steps: a heating phase, a constant temperature plateau and a cooling phase. This schematic shape has been used to simplify the process and to ensure its repeatability during the whole experimental programme.
The constant temperature step was considered to be the most critical phase regarding the DEF potential. Therefore, it was decided that the temperature differences during this step must not exceed ±1°C, whatever the concrete mix, the geometry or the casting considered. The relevance of this criteria regarding the DEF potential can be assessed thanks to the model developed in (Baghdadi et al 2008-b) and given by the equation (1) where is the estimated DEF potential expansion, is a constant corresponding to the concrete mix, T(t) is the temperature at time t, t m the mature time of concrete, T 0 is a threshold temperature below which no DEF risk is considered, E a is the specific activation energy of the reaction and R is the gas constant. This model is based on the assumption that the destabilization of ettringite necessary for DEF to occur is thermo-activated as it has been discussed by (Pourchez et al. 2006) . It is stated that this process obeys an Arrhenius-type law once the temperature is high enough to make ettringite
soluble. An integral function is used to take into account both the curing temperature and the period during which it is maintained. respectively. Considering a constant temperature step of 80°C during 72 hours, and before and after this plateau, heating and cooling at rates of 5°C/h, the precision criterion of ±1°C imposed during the plateau corresponds according to equation (1) to absolute differences of ±0.05% for an estimated mean DEF potential of 1.20% (relative scatter of ±4%). Such a scatter estimation seems to be consistent when compared to the multiple sources of uncertainties of such experiments (e.g. precision of the measurement device, operators, storage temperature variations). Yet it is emphasized that a precise control of temperature history during this early age curing is of outmost significance on the control of the DEF development.
Moreover, since the curing process aims to simulate the maturation conditions existing in the core of a massive structure at early age, the thermal curing process should be performed under water to favour high internal humidity: indeed the internal relative humidity of concrete at early age is maintained at high levels for many days as shown in (Grasley et al. 2006 ). This high humidity favours thermal inertia, which shall be accounted for in developing the technology of the thermal curing process.
Description of the thermal curing process
The design of the temperature profile of the heat treatment has been described in details in (Martin & Toutlemonde 2010) . It consists in curing the concrete specimens right after casting in water whose temperature is precisely controlled.
The most complicated part of the process corresponds to the heating phase: during this step, there is a competition between the heat generated by the thermoactivated hydration of cement and the heat transfers. Thus it implies a size effect: for small specimens like cylinders, the volume is small compared to the exchange surface.
As a consequence, the temperature of the core of the element is quite easily controlled by the curing temperature and the heat of hydration represents a minor contribution to the temperature evolution. For bigger specimens like the beams considered in this work, the curing temperature has a much smaller effect at the core. Thus, the heat of hydration strongly drives the inner temperature in this case.
hal-00853278, version 1 -22 Aug 2013 8 To avoid such size effects, the constant heating phase was replaced by simulated adiabatic conditions: the heating rates were estimated thanks to the results of the adiabatic test of the R1 mix (see Figure 1) . Such an approach lowers the temperature difference between the core and the surface of massive specimens since the temperature boundary condition imposed at the surface is in this case driven by the heat generated by the hydration of cement. A simulation of the temperature evolution during the heating phase leads to an estimation of a DEF potential expansion of about 0.27% whatever the geometry and the location within the specimen considered.
The constant temperature step corresponds to a temperature of 81°C. This value is imposed by the temperature evolution during hydration in adiabatic conditions and is a consequence of the technique chosen for the heating phase. The plateau has a duration of 72 hours which is supposed to be representative of the curing conditions of massive concrete structures (Taylor et al. 2001 , Divet 2002 , Martin & Toutlemonde 2010 .Finally, the specimens are cooled down at a constant rate of -1°C/h which is assumed to be slow enough to avoid thermal cracking. The global duration of the process is about 6 days. Figure 3 represents the theoretical temperature evolution during the heat treatment. 
Numerical modelling
To assess the relevance of the heat treatment process prior to the casting of the specimens, numerical simulations of the heat treatment were performed using the TEXO module of the CESAR-LCPC finite element code as it is performed in (Tailhan et al. 2010) for example. For this model, the main input data concerning the material characteristics is the heat evolution during hydration of the concrete in adiabatic conditions (see figure 1) . Table 1 synthesizes the characteristics of the models. The specific heat of the material and its thermal conductivity properties were chosen to be representative of an ordinary concrete (CESAR-LCPC 2001).
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The heat transfer coefficient was chosen to be representative of a storage in water (Lienhard & Lienhard 2008) . This choice was confirmed as reasonable and not critical after a sensitivity analysis which emphasized that an increase of a factor 10 of the heat transfer coefficient implies minor variations in the calculations corresponding to the present study.
These calculations have given a first validation a the thermal control process since all technical requirements were checked to be satisfied. The modelling results
were then compared to the experimental data to check the relevance of our approach (see section 3.2). 
Experimental measurements
To assess experimentally the thermal response of the concrete specimens during the heat treatment, temperature sensors (accuracy of ±0.3°C at 25°C) were placed in the formworks before fresh concrete was placed. Temperature data were 
Results
Thermal response of a beam
The results presented in this section correspond to the beam R1.1. This specimen is made of the concrete mix R1 for which the heat treatment was designed. Figure   6 illustrates the temperature evolution in the beam during the heating phase during However, some significant differences can be observed between the temperature in the beam and the curing temperature, especially between 8 and 12 hours after the beginning of the test. This can be explained by the fact that adiabatic conditions are not perfectly reproduced by the imposed curing temperature. As a consequence, during this period, the heat generated by the thermoactivated hydration is high enough to induce a significant internal temperature elevation.
This phenomenon remains however limited. During cooling (t > 96 hours), it can be noted that the calculation overestimates the temperature gradient in the beam. It can be explained by an overestimation of the specific heat of the material in the calculation (which is quite difficult to assess as the composition of the system constantly evolves as noted by (Waller 2000)): it is experimentally easier to cool down the specimen. The temperature gradient is thus smaller. Figure 8 illustrates the evolution of the temperature differences between the core of the beam R1.1 (depth of 0.27 m) and the core of a cylinder made out of the same concrete mix. These two specimens were cast at two different times.
Effect of the specimens geometry
Theoretical and experimental results are in good agreement and emphasize once again that this kind of modelling can be very useful to validate such a process prior to any experimental test.
The temperature difference during the constant temperature plateau (between 24
and 96 hours) is much smaller than ±1°C. This result validates our process hal-00853278, version 1 -22 Aug 2013
14 regarding the precision criterion defined in section 2.2: the heat treatment is able to apply a similar temperature profile for specimens made of the same mix but of various geometries and thus ensure a similar DEF potential. This validates the use of this single temperature profile for specimens made out with the concrete mix R1, whatever their geometry. 
Influence of the concrete mix design
The heating phase of the thermal treatment was designed to fit as good as possible the heat development of the concrete mix R1 in adiabatic conditions. However, three different concrete mixes had to be used in this experimental programme. To limit the differences in the casting processes of the different elements, it was considered as practically preferable, if possible, to apply the same heat treatment to all kind of specimens. Thus, it was necessary to check the influence of the specific exothermic behaviour of each concrete mix on the thermal response of the different specimens in order to verify if only one temperature profile could be used for the different mixes. In the calculation, this corresponds to the change of the input data corresponding to the heat development of the concrete mix in adiabatic conditions. Figure 9 illustrates the temperature differences between the beams R1.1, NR.1 and R2.1 at a depth of 0.27 m. Although some differences are observed at the beginning of the test due to the influence of the initial temperature of the hal-00853278, version 1 -22 Aug 2013 materials, the general behaviour obtained from the computations is in good agreement with the results of the tests for all cases. As it was expected, the differences predicted by the model for NR.1 are higher than for R2.1: this can be explained by the significant difference of adiabatic thermal behaviour of the mix NR relatively to R1 (see figure 1) ; on the contrary, since the mix R2 has a similar behaviour to R1, the temperature differences between the beams R1.1 and R2.1 are lower. Experimentally, the temperature differences measured are smaller than the predictions of the models which can be explained by the different initial thermal state and the possibility of an overestimation of the specific heat of the materials as it was noted in section 3.2.1. In any case, the maximum deviations between the different beams remain smaller than ±1°C during the constant temperature step and are thus in agreement with the precision criterion, defined in this study. Figure 10 illustrates the evolution of the temperature differences between the beams made of the concrete mixes R1 and R2. The higher temperature differences between two consecutive batches are measured during the 12 first hours of the heat treatment. They mainly remain smaller than ±2°C and can be explained by the ambient temperature variations during the casting: as an example, the initial temperatures of the beams R1.1, R1.2 and R1.3 were respectively 23.6, 20.6 and 26.1°C. These deviations are rapidly homogenised due to the combined effects of curing and heat of hydration. In particular, during the constant temperature step, the differences remain much smaller than ±1°C and thus satisfy the precision criterion required for the heat treatment. 
DEF potential expansion field in the beams
Although the heating phase has been designed to minimize the thermal gradients in the specimens, it has been shown in the previous sections that some temperature differences could have appeared due to the imperfection of the simulation of adiabatic conditions, the variation of initial thermal state during casting of the elements and the use of the same heat treatment process for specimens made of different mixes. These temperature deviations have an influence on the DEF potential expansion generated in the materials as shown by (Baghdadi et al. 2008-b) . Figure 11 illustrates the profile of DEF potential expansion after heat treatment estimated thanks to relation (1) using values of 6.48.10 -4 for , 43.3°C for T 0 and 435, 440 and 895 J.mol -1 for E a , for R1, R2 and NR mixes respectively as determined in (Martin 2010 ).
Due to a failure of the sensor at a depth of 0.17 m in the beam R2.1, the corresponding information is missing. As it was expected, the deeper the measurement point from the outer surfaces, the higher the potential expansion.
This increase is due to the contribution brought by the heat of hydration: the points located deeper in the beam are less influenced by the imposed curing temperature which leads to an increased relative effect of the heat of hydration.
However, the standard deviation of the DEF potential for a given concrete mix is extremely limited and respectively equal to 0.004 %, 0.011 % and 0.012 % for the NR, R1 and R2 mixes. The corresponding mean potential expansions are 0.35 %, 1.61 % and 1.60 %. The obtained deviation thus corresponds to less than 1.2 % of relative scattering.
The DEF potentials corresponding to the theoretical situation where the temperature of the specimens perfectly followed the imposed curing temperature delivered by the heat treatment device were estimated in the same way with equation (1). Their mean values are equal to 0.34 %, 1.58 % and 1.56 % for NR, R1 and R2 respectively. They are compared in table 2 to the estimated DEF potential (according to equation (1)) and to the corresponding highest relative deviation within each beam. In comparison to the theoretical situation of specimens perfectly following the imposed curing temperature, the imperfection of the simulated adiabatic conditions implying a thermoactivation of hydration leads to a relative increase of the potentials of about 3 %, 2 % and 3 % for the hal-00853278, version 1 -22 Aug 2013 specimens made out of the NR, R1 and R2 mixes respectively. These results attest of the ability of the thermal treatment process to generate a repeatable and homogeneous DEF potential field in massive structures made of various concrete mixes while compared to a process with a constant heating rate (see section 2.3).
Moreover, the criterion of a scatter of less than 4% of the DEF potential within the same specimen is satisfied (see table 2). 
Conclusions
This paper has detailed the development and validation of an original heat treatment process able to generate similar DEF potential expansions in specimens of various geometries and reproduce the same thermal history whatever the hal-00853278, version 1 -22 Aug 2013 concrete mix. Indeed, due to the competition between the imposed curing temperature and the heat generated by hydration of cement, significant temperature differences can develop in the specimens if careful optimization of the thermal control is not achieved which can rise problems in terms of comparison of expansive behaviour of the DEF-prone concretes.
The main difficulty turned out to take place during the heating phase of massive specimens: in this phase, the temperature at the surface is mainly driven by the imposed curing temperature whereas the heat of hydration has a major influence in the core. To avoid such effects, the heating phase was controlled to follow the heat generated during the hydration of concrete in adiabatic conditions. This process has been shown to be effective: it allowed to apply a homogeneous temperature field in specimens of various dimensions and avoided that the temperature at the core of the specimen exceeds the curing temperature during the transition between the heating phase and the constant temperature plateau.
The scale effects were proved to be negligible: the comparison of the temperature in the core of a massive beam and of a small cylinder have shown differences to be very limited. In particular, the deviations turned out to be much smaller than ±1°C during the constant step which is critical regarding the DEF potential expansions.
A robustness study has shown that the same heat treatment could be used for specimens made of various mixes: although temperature deviations were observed (especially during the heating phase), their impact was very limited. In particular, the DEF potential expansion generated in massive beams has turned out very homogeneous which fulfilled the necessary condition to assess accurately the mechanical effects of this pathology on laboratory structures and calibrate chemomechanical models.
